Abstract. The present study examines the influence of the isolators
INTRODUCTION
Base isolation has been used as one of the most wildly accepted seismic protection system. It consists of a flexible material which is provided at the base of the building in order to reduce the seismic forces induced to the structure. The isolators, which are installed between the ground and the upper structure, are designed to decrease the seismic forces applied to the building under strong ground motions and as a consequence to reduce damage to the primary structural members. In addition base isolation minimizes damage to secondary members as well as to equipment inside the building. The isolators' flexibility increases the vibration period of the total structure and, as a consequence, the seismic forces induced to the building are reduced. Isolators' flexibility also leads to increase of the horizontal displacements. However, it's possible to control them through increase of damping.
Crosbie [1] first reasoned that by designing the centre of yield forces of the base isolation system (CYF) to coincide with the mass centre of the superstructure (CM) results in significant reduction in the post-yield response of asymmetric structures. Lee [2] suggested that the rigidity centre of the base isolation system (CRB) should be designed to coincide with the CM. The above mentioned researchers reached to the conclusion that this design practically eliminates the effects of asymmetry in the elastic range. Moreover for an equal level of yield stresses in all the bearings this is also true in the inelastic range.
Colunga and Cruz [3] studied the seismic codes suggestions concerning the seismic analysis of asymmetric base isolated buildings. They conducted a parametric study in order to evaluate the seismic code provisions regarding the simplified methods of analysis for asymmetric base-isolated buildings. They studied the effects of the following parameters on isolators' response: a) the ratio T I /T s (T I is the effective period of the isolated building at the design displacement and T s the elastic period of the fixed based building), b) mass eccentricity in the superstructure and c) stiffness eccentricity in the superstructure. With the aid of this study they defined the limits of structural irregularity for base isolated structures regarding the application of linear methods of analysis.
Kilar and Koren [4] conducted a parametric study for three levels of mass asymmetry, three levels of torsional rigidity of the superstructure and six various distributions of bearings in the isolation system. All these variants were applied on a selected realistic RC frame building structure designed according to Eurocodes 2 [5] and 8 [6] .They tried to determine the most favourable distribution of isolators that is able to balance the effects of eccentricities in the superstructure. The results obtained by 3D nonlinear dynamic analyses indicate that all six considered distributions of bearings, reduce the unfavourable torsional effects, which are with different extent transferred from the superstructure to the base isolation system. Also it was observed that CI=CM distribution (CI is the center of isolators and CM the mass center of the superstructure), suggested by some building codes does not minimize torsional effects in base isolated buildings.
In a recent study [7] a methodology that leads to optimal torsional control of base isolated buildings is presented. The methodology is based on the assumption that the superstructure acts as a rigid body. The methodology provides a choice of the optimal eccentricity and torsional stiffness parameters of the isolation system that minimize the lateral-torsional response of the superstructure. Results obtained by probabilistic technique show that the response of the superstructure may be substantially improved if the center of stiffness of the isolators lie in the vicinity of the (average) center of stiffness of the superstructure. Therefore in order to minimize torsional effects in base isolated asymmetric structures it is necessary to introduce eccentricity in the isolation system.
From the above mentioned papers it is derived that there is no consensus on the choice of isolators' properties for minimizing torsional effects in base isolated asymmetric buildings. Some codes [8, 9] suggest that the rigidity center of the base isolation system (CRB) should coincide with the mass center (CM). However, as it mentioned above it has not been proved that this coincidence minimizes the torsional response.
In the present study two R/C 3-storey buildings are analyzed under bi-directional earthquake ground motions for the following two distributions of isolators' effective stiffness: (a) all the isolators have identical horizontal stiffness and (b) the isolators' effective stiffness is chosen so as the optimum torsion axis of the structure to coincide with the vertical mass axis. Note that the total horizontal and torsional stiffness of the isolators should remain approximately constant between the cases (a) and (b). Linear and nonlinear time history analyses under three bidirectional earthquake records are performed and the maximum response over all seismic incident angles is determined. The analyses results reveal that the displacements of the structural elements located at the flexible side of the buildings are reduced significantly in case of model (b). However, the displacements of the structural elements located at the stiff side are either smaller or slightly larger. Furthermore, there is a significant reduction of the diaphragm rotations of model (b) compared to the rotations of model (a). As a general conclusion, we can say that distribution (b) minimizes the torsional response of asymmetric buildings.
DESCRIPTION OF THE BUILDINGS AND BASE ISOLATORS

Description and design of the buildings
For the purposes of the present investigation two 3D R/C buildings (Building 1 and Building 2), with data supplied in figure 1 , are studied. The buildings have three stories and their structural systems consist of vertical elements in two perpendicular directions (axes x and y). The dimensions of the structural elements' cross section are shown in Tables 1 and 2. For the elastic modeling and design of the buildings, all basic recommendations of EC8 [6] were taken into consideration, such as the diaphragmatic behavior of the slabs, the rigid zones in the joint regions of beams/columns and beams/walls, and the values of flexural and shear stiffness corresponding to cracked R/C elements. The two structures were analyzed using the modal response spectrum analysis, as described in EC8. The R/C structural elements were designed following the clauses of EC2 [5] and EC8 [6] . 
Isolators' properties
One of the most widely used types of isolators is the Lead Rubber Bearing (LRB), which consists of alternating laminations of thin rubber layers and steel plates, bonded together to provide vertical rigidity and horizontal flexibility. Vertical rigidity assures the isolator will support the weight of the structure, while horizontal flexibility converts destructive horizontal shaking into gentle movement [10] . Moreover, at the centre of laminated natural rubber a lead plug is embedded. Note that the laminated natural rubber demonstrates spring capability, while the lead plug demonstrates damping capability. The seismic response of the isolators depends on their special properties, which are the horizontal effective stiffness, the vertical effective stiffness, as well as the damping. For the two buildings presented in the previous paragraph LRB are used as seismic isolation system. Furthermore, three different models are analyzed:
(a) The buildings are considered as fully fixed to the ground. (b) All isolators possess the same properties (no eccentricity in the base isolation system exists): The buildings rest on rubber base isolators with vertical effective stiffness k veff =100000 kN/m, horizontal effective stiffness k eff =2000 kN/m and torsional stiffness k t =5000 kNm/rad. The isolators' damping was taken equal to 30%. Note that the choice of the aforementioned isolators' properties was made bearing in mind that the fundamental period of the base isolated buildings must be approximately three times the fundamental period of the fully fixed to the ground buildings.
(c) Isolators with eccentricity: The buildings rest on base isolators with vertical effective stiffness k veff =100000 kN/m and torsional stiffness k t =5000 kNm/rad. However, regarding the horizontal effective stiffness, for each building three different types of isolators are available and can be used. For the building B1 the three types of isolators are the following: (i) isolators with k eff =1000 kN/m, (ii) isolators with k eff =1550 kN/m and (iii) isolators with k eff =2950 kN/m. For the building B2 the three available types of isolators are the following: (i) isolators with k eff =1000 kN/m, (ii) isolators with k eff =1400 kN/m and (iii) isolators with k eff =3400 kN/m. The isolators' damping was taken equal to 30% for both the buildings. The distribution of the above three types of isolators in plan was chosen so as the optimum torsion axis (OTA) of the structures [11, 12] to coincide with the vertical mass axis. Moreover, note that the total horizontal and torsional stiffness of the isolators should remain approximately constant between the cases (b) and (c). For the building B1 the total horizontal and torsional stiffness of the isolators is 20000 kN/m and 893560 kNm/rad for model (b) (772619kNm/rad for model (c)) respectively. For the building B2 the total horizontal and torsional stiffness of the isolators is 16000 kN/m and 469257 kNm/rad for model (b) (462823kNm/rad for model (c)) respectively.
Determination of the Optimum Torsion Axis
For the two buildings considered the location of the Optimum Torsion Axis (OTA) was determined. Then, the properties of the isolators as well as their in-plan arrangement were determined for case (c) of the previous paragraph. For the determination of the OTA the methodology proposed by Marino and Rossi [11] was used. Then the principal directions under lateral loading were determined using the methodology presented in [12] . According to the aforementioned studies [11, 12] the process of determining the OTA is as follows: Let there be N-storey building system with horizontal rigid floor diaphragms at the floor levels, in a Cartesian global coordinate system Oxyz with a vertical Oz axis (figure 1). Considering as degrees of freedom of the i th floor level the diaphragm rotation θ zi and the horizontal displacements u xi and u yi of a point on the diaphragm, the displacement state of the diaphragms can be characterized by the N-column vectors:
Let us also consider the action of a given distribution of horizontal forces:
that belong to a vertical loading plane and pass through a vertical loading axis. Note that for the fully fixed to the ground buildings a triangular distribution of horizontal forces is used, whereas in case of base isolated buildings an orthogonal distribution is adopted. The position of the OTA is defined by the coordinates x T and y T of its intersection point with the Oxy plane.
Based on the above procedure, the OTA for the fully fixed to the ground buildings (case (a)), as well as for the buildings resting on the isolators without eccentricity (case (b)), was determined (figure 2). Moreover, as mentioned before, in case (c), the isolators' effective stiffness was chosen so as the optimum torsion axis of the structure to coincide with the vertical mass axis. In order to fulfill the above criterion the distribution of the isolators' horizontal effective stiffness given in figure 3 is considered. 
LINEAR TIME HISTORY ANALYSES
The influence of the two different distributions of isolators' effective stiffness on the linear response of the two buildings considered in the present study (B1 and B2) was evaluated by means of linear analyses. More specifically, linear time history analyses under three bidirectional seismic strong motions (recorded during El Centro, Kobe and Lefkada earthquakes) were performed and the maximum response over all seismic incident angles was determined with the aid of analytical formulae [13] . For each building two different models were considered accounting for the cases (b) and (c) of isolators. The analyses were performed with the aid of the computer program SAP2000 [14] . The base isolators were modeled using NLink elements of the rubber isolator type. The hysteretic model used to simulate the inelastic behavior of the base isolators along two orthogonal horizontal axes is shown in figure 4 . The post-yield stiffness k 2 was taken equal to 0.1k 1 , where k 1 is the elastic stiffness. The yield force V y was taken equal to 10% of the total weight of the structure. 
Critical orientation and maximum response
General
The structure is subjected to bidirectional horizontal seismic motion consisting of the accelerograms ü ag (t) and ü bg (t). As the direction of the seismic motion is unknown, they can form any angle θ with the x and y structural axes (figure 5a). We consider two orientations of the seismic excitation: (i) Excitation 'α0': The accelerograms ü ag (t) and ü bg (t) are applied along the axes x and y, respectively, i.e. the angle of seismic incidence is θ=0 o (figure 5b). A typical response quantity R is denoted as R, α0 . (ii) Excitation 'α90': The accelerograms ü ag (t) and ü bg (t) are applied along the axes y and x, respectively, i.e. the angle of seismic incidence is θ=90 o (figure 5c). A typical response quantity R is denoted as R, α90 . It has been proved [13] that the maximum value of a response parameter for any angle θ of seismic incidence is given, as a function of time, by the relation:
The plot of the function ±R 0 (t) provides the maximum/minimum value of the required response parameter as well as the time instant t cr at which the maximum/minimum occurs. 
The corresponding critical angles θ cr1 (maximum value) and θ cr2 (minimum value) are given by the relations [ 
Displacement vector
The horizontal displacements at any point of the building's floors are usually computed along the (ξ, η) axes of an appropriate local reference system. The displacement vector u is related to u ξ and u η through the relation: 
The meanings of the subscripts remain the same as in the previous paragraph. The parameter u xy is defined as:
The plot of the function u, I (t) (equation 13) provides all the information necessary to compute the maximum value of the displacement u cr and the associated time instant t cr [13 
The corresponding critical angle θ cr is determined by the angle θ o (equation 14) with the aid of figure 7 [13]: Tables 3 and 4 present the displacements u, I 2 (see section 3.1) as well as the associated critical time instant t cr and critical incident angle θ cr of the vertical structural elements at the level of the isolators (Table 3 ) and of the 3 rd floor ( Table 4 ). The tables regard the building B1 subjected to the earthquake record of El Centro. Moreover, in table 5 the maximum values of the floor rotations over all incident angles R z , as well as the floor rotations due to excitations α0 and α90 (see section 3.1) are presented. From these tables we can see that for the same earthquake record different response quantities have different critical incident angles. Furthermore, note that the same response quantities have different critical incident angles for the two cases of isolators, since, as it can be seen from the tables, the critical incident angle of a certain response quantity depends on the distribution of the isolators' stiffness. In order to better illustrate the differences between the two cases of isolators, figures 8-15 present the displacements u, I 2 of the vertical structural elements, as well as the maximum floor rotations R z , computed with the aid of the methodology proposed in [13] (see section 3.1), for the three earthquake records considered. Figures 8-11 correspond to the building B1, whereas figures 12-15 correspond to the building B2. We can see that the displacements of the vertical structural elements in most cases are smaller when the buildings rest on the isolators with eccentricity. Note that the displacements can be up to 55% smaller (column C3 at the level of the isolators) for the building B1 (figure 8a) and up to 46% smaller (column C1 at the level of the isolators) for the building B2 (figure 12a). The reduction of the displacements that is achieved in case of the isolators with eccentricity is larger for the structural elements of the flexible side of the buildings. However, the displacements of the structural elements located at the stiff side can be either reduced or increased depending on the earthquake record. The above conclusion is valid for both the buildings investigated in the present study. For example, note that the displacement of the wall T2 (building B1) is smaller for the isolators with eccentricity in case of the earthquake records of El Centro and Lefkada (figures 8 and 10). The opposite observation can be made when the building is subjected to the earthquake record of Kobe (figure 9). Of great significance is also the fact that when isolators with eccentricity are used the analyses produce displacements which have almost the same value for all the vertical structural elements. With regard to the floor rotations, figures 11 and 15 show that they are much smaller in case of the isolators with eccentricity (up to 25 times smaller for building B1 (figure 11c) and up to 20 times smaller for building B2 (figure 15b).
Analyses results
Isolators without eccentricity
NONLINEAR TIME HISTORY ANALYSES
In order to evaluate the influence of the two different distributions of isolators' effective stiffness on the nonlinear response, the two buildings considered in the present study (B1 and B2) were analyzed by Nonlinear Time History Analysis (NTHA) for each one of the three earthquake ground motions presented in the previous section. For each building two different models were considered accounting for the distributions (b) and (c) of isolators properties. The analyses were performed with the aid of the computer program SAP2000 [14] and assuming the inelasticity concentrated on the isolators while the superstructure behaves elastically. Furthermore, in order to determine the maximum response over all incident angles, the two horizontal accelerograms of each ground motion were applied along horizontal orthogonal axes forming with the structural axes an angle θ=0°, 30°, 60°, …, 150°. Thus, for each building and each pair of accelerograms six orientations were considered. As a consequence a total of 72 NTHA (2 buildings x 2 cases of isolators x 3 earthquake records x 6 incident angles) were conducted in the present study. For each ground motion and incident angle, the damage state of the two buildings was determined. The seismic response was expressed in terms of the displacements of the vertical structural elements at the level of the isolation (basement), as well as of the floor rotations. Table 6 presents the maximum displacements of the vertical structural elements over all incident angles at the level of the isolators (basement) and the associated critical time instant and critical incident angle. We can see that the displacements of all the vertical elements are approximately equal when isolators with eccentricity are used. Figure 16 (building B1) and figure 18 (building B2) present the maximum displacements of the vertical structural elements for the three earthquake records considered. Figure 17 (building B1) and figure 19 (building B2) present the maximum floor rotations for the three earthquake records considered. It can be seen that the displacements of the vertical structural elements located at the flexible side of the building are smaller [up to 45% for the column C2 of the building B1 (figure 16a) and up to 38% smaller for the column C1 of the building B2 (figure 18a)] when the buildings rest on the isolators with eccentricity. Concerning the displacements of the structural elements located at the stiff side, note that they can be either reduced or increased depending on the earthquake record. For example, we can see that the displacement of the column C4 (building B1) is smaller in the case of the isolators with eccentricity for the earthquake record of El Centro (figure 16a). However, when the same building is subjected to the earthquake record of Lefkada, the displacement of the column C4 is smaller in case of the isolators without eccentricity (figure 16c). As it was mentioned in the case of the linear analyses, the displacements produced when isolators with eccentricity are used have almost the same value for all the vertical structural elements. Finally, figures 17 and 19 show that the floor rotations are much smaller in case of the isolators with eccentricity (up to 16 times smaller for building B1 (figure 17c) and up to 8 times smaller for building B2 (figure 19a). The difference between the values of the displacements produced for the two different distributions of isolators' stiffness depends on the earthquake record. See for example that seismic motion of Kobe led to smaller differences among the floor rotations compared to the differences produced when the seismic records of El Centro or Lefkada were used for the analyses. 
Isolators without eccentricity
CONCLUSIONS
The present study examines the influence of the isolators' effective stiffness distribution on the torsional response of base isolated structures. To accomplish this purpose two R/C 3-storey buildings were analyzed under earthquake ground motions for the following two distributions of isolators' effective stiffness: (a) all the isolators have identical horizontal stiffness and (b) the isolators' effective stiffness is chosen so as the optimum torsion axis of the structure to coincide with the vertical mass axis. The two buildings were subjected to linear as well as nonlinear time history analyses under three bidirectional earthquake ground motions. For each earthquake record the maximum response over all incident angles of seismic motion was determined. Based on the analyses results of the study, the following conclusion can be drawn:
• When the isolators' effective stiffness is chosen so as the optimum torsion axis of the structure to coincide with the vertical mass axis (isolators with eccentricity) the analysis produces displacements which have almost the same value for all the vertical structural elements.
• The displacements of the vertical structural elements located at the flexible side of the buildings are smaller in case of the isolators with eccentricity compared to the corresponding ones produced when all the isolators possess the same stiffness. However, the displacements of the structural elements located at the stiff side can be either reduced or increased depending on the earthquake record.
• The floor rotations are much smaller in case of the isolators with eccentricity. The difference between the values of the floor rotations produced for the two different distributions of isolators' stiffness depends on the earthquake record. It must be noted that the aforementioned conclusions are valid for the buildings and ground motions used in the present study. In order to expand them to other structural systems, further investigation is necessary.
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